Summary.
Thin-section studies of the sino-auricular border region in the hearts of 20 species of teleost fish revealed the cardiac Internuncial cell (CIC), hitherto known only in Misgurnus, to occur also in 8 species (Acheilognathus lanceolatus, Carassius auratus longsdorfii, Cyprinus carpio, Girella punctata, Kareius bicoloratus, Rhodeus ocellatus ocellatus, Rhyncopelates oxyrhynchus, Tilapia nilotica), but to be absent in the other 12 species. There was an indication that the CIC was close in nature to myocardial cells because of the findings of Z band-like structures, especially myosin like thick filaments (ca. 15 nm thick) in the cytoplasm. However, the myosin-like thick filaments were not associated with the actin-like thin filaments (ca. 5 nm thick) or Z band-like structures. Interestingly, the thick filaments showed considerable variation in their occurrence among individuals of a species (Carassius auratus longsdorfii); they were scarce in all of the CICs (Type I) observed in 12 out of 15 individuals studied, and very numerous in all of the CICs (Type II) Previous ultrastructural studies on teleost hearts demonstrated that the most intense concentration of cardiac innervation occurs in the sino-auricular border region, especially at the base of the sinus valve (YAMAUCHI and BURNSTOCK, 1968; GANNON and BURNSTOCK, 1969; YAMAUCHI, 1969; SANTER, 1972 SANTER, , 1985 SANTER and COBB, 1972; YAMAUCHI et al., 1973; HOLMGREN, 1977 HOLMGREN, , 1981 DONALD and CAMPBELL, 1982; GIBBINS, 1994) , the presumed site of pacemaker activity (KEITH and MACKENZIE, 1910; SKRAMLIK,1935) . At the sino-auricular boundary itself there is an increase in the amount of interstitial collagen which surrounds small groups or individual axons (both myelinated and unmyelinated) as they encircle the heart at this point. Among the axons are ganglion cells, and on the atrial aspect, myocardial cells become interspersed with this neural mass (YAMAUCHI and BURNSTOCK, 1968; SANTER, 1972; SANTER and HOLMGREN, 1983) . In one species, the loach (Misgurnus anguillicaudatus; YAMAUCHI et al., 1973) , an additional cell type was recognised in the sino-auricular nodal tissue and referred to as the cardiac Internuncial cell (CIC). This cell contains no myofibrils, has over 50% of its surface covered by vesiculated axons, and at the same time is in contact with a small number of cardiac muscle cells. Thus a suggestion was made that the CIC plays a role in modulating the autonomic nerve impulses before they are transmitted to the effector cardiac muscle cells in the sino-auricular nodal tissue in the heart of loach. The presence of CIC has not yet been recognised in other species of fish (YAMAUCHI, 1980; LAURENT et al., 1983; SANTER, 1985) .
The aim of this study was to investigate the distribution of CIC among teleost fishes. An emphasis will be placed on the morphology of the CIC newly found during this study in Carassius auratus longsdorffii.
MATERIALS AND METHODS
Twenty species of the teleost fish (Table 1) obtained from pet shops in Tokyo and a research institute in Shizuoka (Fisheries Laboratory, Faculty of Agriculture, University of Tokyo) were used as materials.
After exposing the beating heart of the pithed fish, fixation was commenced by applying ice-cold 2.5% glutaraldehyde-8% formaldehyde fixative in 1/15 M phosphate buffer, pH 7.4 (KARNOVSKY, 1965) . Several drops of ice-cold 1 % OsO4 in distilled water were added in the fixative solution just before use so as to obtain adequate preservation of the autonomic axon terminal in the fish heart. The whole heart was removed and placed in the same fixative as quickly as possible, and then the sino-auricular border region of the heart was excised with fine scissors and immersed in the same fixative for 2 h at 4C. Following postosmification with 1 % OsO4, the tissues were embedded in Epon 812 after dehydration by graded ethanol. Ultrathin sections were stained with uranyl acetate and lead citrate, and viewed in a JEM-100 CX electron microscope.
Measurments of the CICs were made on the printed micrographs enlarged to X4,000-10,000. The total number of the thin, thick and intermediate-sized filaments encountered in an aggregate area of 200 um2 taken from 10 CICs (5 of each type from 6 fishes) were made on printed micrographs enlarged to x 60,000, and the size distribution of the thick filaments was made on 300 of their definitively longitudinal sections from printed micrographs enlarged photographically to X160,000.
RESULTS
The sinus valve of the fish heart consisted of two leaflets which respectively occupied the ventral and dorsal halves of the sino-auricular orifice (Fig. la) . The nodal tissue, located at the border of the sinus venosus and the atrium in all of the teleost species studied, was identified by the location of ganglion cells and many myelinated axons which were often inserted into the compactly arranged cardiac muscle cells (Fig. 1b) . The wall of the sinus venosus consisted primarily of bundles of collagen, fibrocytes and a few smooth muscle cells. A thin layer of cardiac muscle cells lying near the inner surface of the wall was only found in the sinus venosus of Plecoglossus altivelis.
Under the electron microscope, numerous axon profiles were observed in the sinus valve, especially at its basal part (Fig. 2) , corresponding to the light microscopical view. Axons containing small mito- chondria and a number of vesicles ca. 50 nm in size together with occasional large vesicles measuring about 70-100 nm and containing a central core of variable size and density were commonly observed in close proximity to the myocardial cells, but neuromuscular associations were rarely detected. The myocardial cells were generally 5-10 um in breadth and similar in appearance in all the fishes studied. They exhibited the distinct feature of being totally devoid of the specific myocardial granules which were abundant in the atrial muscle cells adjacent to the nodal tissue. In many sectional levels, they revealed a poor development of myofibrils within their cytoplasm.
Nerve cells were identified both by their large, round to ovoid nucleus containing a prominent nucleolus, and by their copious cytoplasm endowed with numerous randomly distributed organelles: conspicuous profiles of rough endoplasmic reticulum, mitochondria, Golgi apparatuses, lipofuscin-like dense bodies, neurofilaments and microtubules. The estimated diameters of the nerve cells were between 10-30 um as measured from 100 neurons (40 fishes) at the nuclear level. Usually the nerve cell bodies made synaptic contact with one or two profiles of axons and were surrounded by one or two layers of the satellite cell cytoplasm at each sectional level, but in Lutjanus russellii, a loose perikaryal myelin sheath consisting of four to ten lamellae enveloping the nerve cell bodies was commonly observed. Each lamella was composed of two satellite cell membranes enclosing a satellite cell cytoplasm of varied thick- ness; this was particularly thick in the outermost layer of the sheath, where the nucleus and other intracellular organelles of the satellite cell were bated.
The CIC (Figs. 3, 4) , an additional cell type of sino-auricular nodal tissue, was found to occur in the hearts of the Acheilognathus lanceolatus, Carassius auratus longsdorffii, Cyprinus carpio, Girella punctata, Kareius bicoloratus, Rhodeus ocellatus ocellatus, Rhyncopelates oxyrhynchus and Tilapia nilotica in this study (Table 1) . This type of cell was identified by the fact that almost 50% or more of its perikaryum surface was covered by axon terminals ( Table 2) . The CIC was actually associated with at least five (and up to 42) axon terminals at each section through the nuclear level. The axon terminals directly contacting the CIC were larger (average+SD: 3.64+
1.4 km, n: 100) than those connected to the nodal myocardial cells (1.3+0.7um, n: 96) as measured in Carassius auratus longsdorffii, and many synaptic complexes occurring in various places of the contact surface between the CIC and the axon terminals (Fig.  3 inset) were frequently observed. Furthermore, the CIC was entirely devoid of myofibrils and poor in intracellular organelles-particularly of free ribosomes, which also distinguished them from nodal myocardial cells and nerve cells. However, the CIC was not found in the other 12 species including Arothron hispidus, Channa argus, Halichoeres poecilopterus, Limanda yokohamae, Lutjanus russellii, Pagrus major, Platycephalus indicus, Pleocoglossus altivelis, Salmo gairdneri, Salvelinus leucomaenis, Sillago japonica and Stephanolepis cirrhifer (Table 1) . The CIC perikarya showed elongated (with ranges of major and minor diameters of 8-36um and 4-19 um, respectively) or round (with a diameter ranging from 5 to 14um) profiles. They had a round or ovoid nucleus with an invaginated outline. The binuclear appearances were perhaps due to the cutting level across a deep indentation of the nucleus (Fig. 3) . Nucleoli were not prominent, and found preferentially near the inner nuclear membrane of the nucleus. The smooth endoplasmic reticulum was well developed and normally situated close to the Golgi complex. Mitochondria often appeared as a slender rod 0.24+0.05pm
(n: 100) in width, which is smaller than those in the cytoplasm of the neighbouring nodal myocardial cells (0.35+0.05 pm, n: 100) measured in Carassius auratus longsdorffii. The filamentous elements were dispersed within the cytoplasm and exhibited a wider range of diameter, from 3-20 nm (Figs. 5, 6 ). They could be classified into the following three types according to their size and appearance. The first was the thin (5-7 nm) filaments, which were mostly associated with Z band-like structures (Figs. 5, 6) or finely filamentous materials without a definitely regular pattern, but a small number of them were freely visible in the immediate vicinity of the Z band-like structures. They occupied 5-6% of the total number of filaments in the cytoplasm (Fig. 7a) . The second was much thicker, with an average diameter of 15 nm, occupying 6-60% of the total population of filaments in the cytoplasm (Fig. 7a, b) . They ran singly or formed small bundles scattered rather randomly throughout the cytoplasm, but no definite connection or relationship was detectable with the thick filaments or Z band-like structures (Figs. 5, 6 ). The third consisted of 10 nm diameter filaments which were scattered in a more random fashion throughout the cytoplasm and occupied 35-82% of the total population of filaments in the cytoplasm (Fig. 7a) . They were different in size and appearance from both the thick and thin filaments, being gently curved or wavy, and in suitably oriented sections, could be traced for more than 1.5um.
The thick filaments exhibited a wider range of diameter from 13-20 nm with a prominent peak at 15 nm (Fig. 7b) . They did not exceed 1.5um in length and showed a fuzzy surface and tapered ends. The thicker 20 nm filaments were presumed to be the overlapping of finer 15 nm thick filaments. The thick filaments showed a variation in their contents in the cytoplasm of CICs as studied in 15 individuals of Carassius auratus longsdorffii at random sections. In most of the fish (12 out of 15 species), the CICs contained a very small number of thick filaments, whereas in a few of the fish (3 out of 15 species), the CICs contained abundant thick filaments occupying a rather large proportion in the intracytoplasmic filamentous elements (Fig. 7a) . For convenience, the former was referred to as Type I (Fig. 3) and the latter as Type II (Fig. 4) CICs, respectively. Each sample was examined at least at 3 or 5 levels with an interval about 10 ,u m. It is worth stressing that in any one individual, the cytoplasmic feature of the CICs exhibited either Type I or Type II, but never both.
In transverse sections, the thick filaments in small bundles appeared to have a hollow center and were arranged into a rhombic lattice with spacings (centerto-center) of 35-45 nm, but no thin filaments were placed between them (Fig. 8a) . In longitudinal sections, they ran parallel at about 30-46 nm (center-tocenter) apart, and again no thin filaments penetrated the space between the neighbouring two thick filaments. The thin filaments of 3-6 nm thickness, which appeared as cross bridges spanning the neighbouring two thick filaments at 25-35 nm intervals (Fig. 8c) , were thought to be different from the thin filaments of 5 nm thickness concerned with the thick filaments of 15 nm thickness or Z disc of myofibrils of myocardial cells, but the heads of the thick filaments. Moreover, no definite connections or relationship could be seen between the thick filament bundles and the Z band-like structures (Fig. 6 ). This should be compared with that of myocardial cells (Figs. 8b, d, 9f ).
The CICs observed in the hearts of Kareius bicoloratus, Girella punctata, Rhodeus ocellatus ocellatus and Rhyncopelates oxyrhynchus were thought to coincide with the Type I of Carassius auratus longsdorffii described above for their lack of thick filaments (ca. 15 nm), and the CICs found in the heart of Acheilognathus lanceolatus, Cyprinus carpio and Tilapia nilotica were believed to correspond to the Type II because they contained abundant thick filaments (ca. 15 nm) which often occurred in small bundles without any associations of other filamentous elements in the cytoplasm of CICs.
The Z band-like structures were also one striking feature of the CIC. The width of the Z band-like structures varied, ranging from 0.15 to 2.25 jim, and their appearances varied depending on the section thickness relative to the Z band-like structures thickness and on the level of the plane of the sections.
Four major patterns arose in longitudinal or slightly oblique sections of the Z band-like structures: a zigzag arrowhead-like structure ( Fig. 9a ; except upper 3 intermediate-sized lines), crystalline-like structure (Fig. 9b) , intermediate-sized
(-11 nm) lines ( Fig. 9c and upper 3 intermediate-sized lines in 9a), and rhombic lattice (Fig. 9d) were observed. In the zigzag arrowhead-like and crystalline-like patterns, the intermediate-sized lines branched into two finer filaments (3-6 nm) within the electron-dense amorphous material and linked two corresponding intermediate-sized lines on the opposite side of the material. Contrarily, in the intermediate-sized
(-11nm) lines pattern, the lines ran straight through the electron-dense amorphous material without branches and terminated with a finer tail on either side of the material.
In transverse sections, the Z band-like structures usually showed a woven basket-like structure pattern (Fig. 9e) , which was made of thin (3-6 nm) filaments only. Distances between the two adjacent thin filaments commonly ranged from 20 to 26 nm (center-to-center).
The absence of such intermediate-sized lines in transverse sections of Z bandlike structures indicated that the intermediate-sized line pattern may be due to the superimposition of several thin filaments. This conjecture was also confirmed by evidence that two patterns, i.e., the zigzag arrowhead-like structure and the intermediatesized (-11 nm) lines pattern, were detected at different parts of a Z band-like structure (Fig. 9a) .
DISCUSSION
The primary aim of the present study was to investigate the occurrence of the CICs defined by their electron microscopical appearance in the sino-auricular nodal tissue in the heart of the teleost fishes. The CICs occurred in Carassius auratus longsdorffai, Kareius bicoloratus, Cyprinus carpio, Rhyncopelates oxyrhynchus, Rhodeus ocellatus ocellatus, Tilapia nilotica, Girella punctata and Acheilognathus lanceolatus, but were not recognizable in Arothron hispidus, Channa argus, Halichoeres poecilopterus, Limanda yokohamae, Lutjanus russellii, Pagrus major, Platycephalus indices, Pleocoglossus altivelis, Salmo gairdneri, Salvelinus leucomaenis, Sillago japonica and Stephanolepis cirrhifer. The criteria for identifying the CICs were that they were entirely devoid of myofibrils and had a remarkably poor content of cell organelles in the cytoplasm, and that they were postsynaptic to a large number of axonal buttons (5-42 in number in a sectional plane), and at the same time were in somatic contact with the myocardial cells in the nodal tissue. In the present study, the CIC was found in 5 species of the fresh water fish, 4 of these being Cyprinidae, and 3 species of the sea fish. It has been known that the CIC exists also in another member of Cyprinidae, Misgurnus anguillicaudatus (YAMAUCHI et al., 1973) . The significance of the presence or absence of CICs in the fish heart remains unclear. Additionally, the CIC seems to be absent in the heart of cyclostome fish (Eptatretus okinoseanus), amphibia (liana catesbiana and Triturus pyrrhogaster), reptiles (Takydromus tachydromoides and Pseudemys scripta elegans), birds and mammals (YAMAUCHI, personal communication) .
The CIC has been known to be a peculiar nonneuronal, non-muscular element in the sino-auricular nodal tissue in the heart of teleost fishes (YAMAUCHI et al., 1973; .YAMAUCHI, 1980; LAURENT et al., 1983; SANTER, 1985) . However, the structural similarities to muscle cells revealed by the present study suggest that the CIC is close in nature to myocardial cells. First, the Z band-like structures showed a typical figure of a Z disc in the normal cardiac muscle cells. The distance between the neighbouring two actin-like thin filaments (20-26 nm) in the Z band-like structures was about half that of the two adjacent myosin-like thick filaments (35-45 nm) in bundles, which is consistent with the ideal actin-myosin filament ratio in the z disc of common muscle cells (RowE, 1971; YAMAGU-CHI et al., 1983; 1985) . Furthermore, the Z band-like structures scattered throughout the cytoplasm without definite connections with the other filamentous elements were structually comparable with the cytoplasmic body (MACDONALD and ENGEL, 1969) or nemalin rods (SHY et al., 1963; MACDONALD and ENGEL, 1971; SUGITA et al., 1974; YAMAGUCHI et al., 1978; JOCKUSCH et al., 1980; SUGITA et al., 1983) , which have been seen in muscle cells affected by certain congenital neuromuscular diseases. Second, the myosin-like thick filaments, especially when they aggregated into small bundles, were similar in size and appearance to the thick (myosin) filaments of myofibrils of myocardial cells. Third, the quite highly developed smooth endoplasmic reticulum of the CIC presumably corresponded to the sarcoplasmic reticulum of common muscle cells (EZERMAN and ISHIKAWA, 1967) .
With little doubt the CIC was different from myocardial cell in many aspects, but the above observations imply that the CIC expresses the same phenotypical feature of myoblasts at the initial phases of differentiation (SHIMADA et al., 1967; ISHIKAWA et al., 1968; KELLY, 1969; SHIMADA, 1971; SHIMADA and OBINATA, 1977; FISCHMAN, 1986) , namely, the free Z band-like structures from the myosin-like thick filaments or other cytoskeletal filament elements. Interpretation of CIC as a premature nodal myocardium may provide clues to the elucidation of intra-and interspecies diversity. Although the Z band-like structures were detectable universally, the myosin-like thick filaments showed considerable variation in their occurrence among individuals of a species (Carassius auratus longsdorffii) and among species as well; that is, in Carassius auratus longsdorffii, the myosin-like thick filaments were scarce in all of the CICs (Type I) observed in 12 out of 15 individuals studied, very numerous in all of the CICs (Type II) in the remaining 3 individuals, and all the CICs in 4 out of 7 species were Type I and all Type II in the other 3 species. Thus it is not unreasonable to suggest that the Z band-like structures may occur prior to the appearance of myosin-like thick filaments in the cytoplasm of CICs, and Type II may occurred in more advanced developmental stages than Type I. Indeed the Zbodies, which were also similar to the Z band-like structures and thought to be the precursor of Z-band material, were somewhat prior to the appearance of myosin (thick) filaments in developing muscle cells (HAY, 1963; ALLEN and PEPE, 1965; HEUSON-STIENNON, 1965) . According to the hypothesis described above, it seems plausible to think that, when the myosin-like thick filaments-with respect to both actin-like thin filaments and Z band-like structures to assume typical myofibrils, the CIC loses one of its important features different from myocardial cells, and would be very difficult to distinguish from myocardial cells, which were also densely innervated in the sino-auricular nodal tissue in the hearts of Teleostei (YAMAUCHI and BURNSTOCK, 1968; SANTER and COBB, 1972; SANTER, 1985) . This suggestion would be the reason for the absence of CIC in the other teleost species investigated (12 out of 20 species).
Incidentally, the overall structures, size and relationship with autonomic axon terminals, filament organization, and other features distinguish the CIC from the interstitial cell of Caj al (ICC), which was said to be a fibroblast, smooth muscle cell, microphage, glial cell etc. (ROGERS and BURNSTOCK, 1966; IMAIZUMI and HAMA, 1969; THUNEBERG, 1982; KOBAYASHI et al., 1989; KOBAYASHI, 1990) . On the other hand, the ICC was also closely associated with the nerve fiber bundles and external muscle layers of mammalian gut, and believed to be responsible for the pacemaker activity of segmental and peristaltic contractions in mammalian gut (THUNEBERG, 1982; BEREZIN et al., 1988; MAEDA et al., 1992; HUIZINGA et al., 1995) . Drawing an analogy with the function of the ICC on the pacemaker activity of the mammalian gut, it seems reasonable to anticipate that the CIC may provide a structural basis for the heart autonomic pacemaker function, as it is located at the sino-auricular nodal tissue, intrinsically responsible for the function activity (KEITH and MACKENZIE, 1910; SKRAMLIK, 1935) . In any case, since the CIC remains a intriguing cell type different from myocardial cell, further experiments are required to determine the nature and function of the CIC, especially the chemical nature of its cytoplasmic filaments.
